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Introduction
Financial institutions routinely apply formal models to value instruments in their portfolios for which current market prices are not readily avaliable. Valuation models are also used for determining market risk exposures and hedges. However, the development of valuation models and interest rate risk measures for transactions deposits, along with bank loans, has proceeded more slowly. Uncertainty about their valuation and risk measurement is also apparent in the rule-makings of bank regulators and accounting boards. 1 Formal valuation models for transactions deposits are being developed by practioners and academics, although there are still relatively few studies in the public domain. The latter include Office of Thrift Supervision (1994), O'Brien, Orphanides, and Small (1994), and Selvaggio (1996) , which provide frameworks based on present values of expected future payments associated with retail deposit liabilities. Hutchison and Pennacchi (1996) and Jarrow and van Deventer (1998) specify formal arbitrage-free pricing models within an interest-rate contingent claims framework. Hutchison and Pennacchi (1996) also estimate retail deposit values and interest rate risk for a sample of commercial banks and Janosi, Jarrow, and Zullo (1999) apply the Jarrow and van Deventer model to a single bank.
A valuation model for transactions deposits is also developed here and applied to individual banks' NOW accounts and money market deposit accounts (MMDAs). The deposit liability value is expressed as current deposit balances minus the present value of future deposit rents, i.e., the deposit "premium". Deposit rents are modeled as an interest rate contingent claim and valued using an arbitrage-free pricing method.
Three features of transactions deposit rate-setting are potentially important to the size and behavior of deposit rents: below-market rates are typically paid, even after accounting for non-interest costs net of fees; deposit rates exhibit stickiness; and rate adjustments tend to be asymmetric, displaying rigidity when market rates are increasing and rate spreads are wide but flexibility when market rates are decreasing and rate spreads are narrow. This 1 Difficulty in measuring the interest rate risk of non-maturity deposits was one factor in not adopting formal interest rate risk capital guidelines for banks' non-trading positions (see Federal Reserve (1995) ). The Financial Accounting Standards Board also limits fair value footnote disclosures of demandable liabilities to current balances payable on demand.
behavior is evident in Figure 1 and has been studied, for example, by Moore, Porter, and Small (1990), Hannan and Berger (1991) , Neumark and Sharpe (1992) , and Ausubel (1992) .
To capture deposit rate behavior for deposit valuation purposes, standard practice is to use parsimonious autoregressions relating deposit rates to a short-term market rate, e.g. a U.S. Treasury bill rate. Autoregressive specifications, such as partial adjustment, are used to capture deposit rate stickiness, as well as average market-deposit rate spreads. The standard specifications do not model the asymmetry in deposit rate adjustment, which can be difficult to estimate and can make valuation more difficult. Asymmetry, however, may be important to deposit value and interest rate risk estimates (O'Brien, Orphanides, and Small (1994)). Both asymmetric and symmetric adjustment models are tested and implemented here. These formulations are also applied under fixed and variable deposit balances, with the latter modeled as an autoregressive process that depends on an interest opportunity cost and income.
In relying on parsimonious autoregressions, bank deposit market structure factors also are largely ignored. This greatly simplifies the estimation of deposit rents, which is important given theoretical and empirical limitations in explaining retail deposit pricing (discussed below) and a limited post-deregulation data history. However, whether simplified autoregressive dynamics will capture a bank's true deposit rent process is not clear. Previous cross-sectional studies show that market structure factors, such as market concentration and local population characteristics, are important to the size of "price markups" (e.g., Hannan and Berger (1991) , Neumark and Sharpe (1992) , Sharpe (1997) ). The autoregressive models may be suitable for forecasting near-term deposit rents but not distant rents for which the current market structure cannot be assumed and whose persistence may itself depend on the rents being generated. The importance of long horizon rent forecasts in the deposit valuation and interest rate risk estimates is also studied here.
For alternative deposit rate specifications, we find that asymmetric adjustment provides a statistically better fit to the data than does symmetric adjustment. Estimated premiums also are higher under asymmetric rate adjustment than under symmetric adjustment for NOW accounts; but not for MMDAs. Further, asymmetric adjustment produces asymmetry in the interest rate risk estimates between positive and negative market rate shocks.
The most reasonable estimates of deposit premiums are obtained under fixed balances.
Under variable deposits, the interest rate opportunity cost modifies deposit demand and, hence, estimated premiums. However, for NOW accounts, deposit balances autoregressions produced high predicted deposit growth, which greatly increased longer-term rents.
Long term rent forecasts are important to the estimated deposit premiums. Even with fixed deposits and incorporating non-interest costs, 40 percent or more of the NOW and MMDA premiums are typically accounted for by rents beyond a 10 year horizon.
Long horizon rent dynamics also are important to interest rate risk estimates. Interestinsensitive deposit balances and slow adjusting deposit rates are thought to produce long deposit durations. We show that this notion is not correct when market rates exhibit mean-reversion, which is a standard modeling assumption. In this case, starting from an equilibrium, a shock to the market rate produces an initial shock to deposit rents that, over a period of time, is reversed (in expected value and prior to discounting). The subsequent reversal moderates the deposit value's interest rate elasticity or duration. This moderation produced interest rate inelastic deposit values and durations mostly less than one year.
We begin by specifying and estimating deposit rate and balances equations. A valuation model is then developed and implemented. Following this, deposit premiums and interest rate risk estimates are presented and the role of deposit rents analyzed. In the concluding section, the issue of limited market price information on deposit values is discussed.
Estimating Deposit Rate and Balances Adjustments

Equation Specifications
NOW and MMDA deposit rate equations are specified to explicitly recognize both deposit rate stickiness and asymmetry in adjustment speeds in rising versus declining market rate environments. For this purpose, the asymmetric partial adjustment model of Neumark Ausubel (1992) and Hannan and Berger (1991) .
There are also functional forms not explicit on asymmetry but more flexible than the standard (symmetric) partial adjustment model or that recognize higher-order or more complex lag dependencies on market rates (for example, Jarrow and van Deventer (1998) and Hawkins and Arnold (2000) ). However, the potential for asymmetric adjustment and its effects on valuation is emphasized here. standard partial adjustment form under symmetric adjustment, where it is similar to the AR(1) process estimated by Hutchison and Pennacchi (1996) . 3 Bank deposit balances are modeled as satisfying a household desired balances equation such as used in money demand equations. The formal equations, with individual bank subscripting suppressed, are
∆R t is the 1-period change in the deposit rate and r t is a market rate. R e t is a conditional equilibrium rate in that the actual deposit rate adjusts to R e t . I t is the indicator function (1 if R e t −R t−1 > 0, 0 otherwise). Depositors' desired balances in (2) depend on an opportunity cost, r t − R t , a measure of income, Y t , and lagged balances. e t and v t represent zero-mean random disturbances. 4 Several points on these specifications should be noted. First, individual bank deposit rate adjustments are more discrete in size and less regular in frequency than would be indicated by the partial adjustment specification (see Berger and Hannan (1991) and Kahn, Pennacchi, and Sopranzetti (1999) ). The partial adjustment model is a practical way to represent deposit rate stickiness such that the model dynamics are estimable and tractable.
Second, there is no attempt to ensure that the deposit rate and deposit demand specifications are jointly consistent with some underlying model of bank profit maximization. Hutchison and Pennacchi (1996) develop a profit maximizing deposit rate adjustment equation from an imperfectly elastic deposit demand curve but their framework leads to symmetric deposit rate adjustment (λ + = λ − ). There is not a generally acceptable theoretical explanation for asymmetric deposit rate adjustment, nor is there a consensus explanation 3 Hutchison and Pennacchi (1996) assume that the bank continuously and fully responds to market rate changes. However, due to lagged adjustment in deposit balances, their "reduced-form" deposit rate process has the same structure as in a partial adjustment model. See the model in their Table 1 . 4 While R e t also could have a disturbance term, Neumark and Sharpe (1992) estimated parameters for the deposit rate process with and without including an error term in the equilibrium rate component with little effect on results (pp. 673-674 and Table IV) .
for deposit rate rigidity. 5 Third, under symmetric adjustment (λ + = λ − ), the unconditional and long-run expected rate equals the unconditional expected equilibrium rate, i.e., E[
. However, under asymmetric deposit rate adjustment, the unconditional expected deposit rate and long-run expected rate diverge from the unconditional mean equilibrium rate, i.e.,
Since max{ } in (3) is non-negative, when upward adjustment is slower than downward adjustment (λ + < λ − ), the unconditional expected deposit rate will be less than the expected value of the equilibrium rate by an amount that is inversely related to the volatility of the market rate. This property of asymmetric deposit rate adjustment was not recognized in earlier deposit rate studies.
Deposit Rate and Balances Data
Bank deposit rates and balances are taken from a Federal Reserve survey of commercial bank rates and balances on interest-bearing transactions accounts since the early 1980s (FR 5 The banking literature has provided evidence relating both rigidity and asymmetry to market power factors but a consensus behavioral explanation for these results is lacking. Hannan and Berger (1991) and Ausubel (1992) discuss difficulties in explaining asymmetric behavior in terms of standard models of imperfect competition. Sharpe (1997) provides a model for deposit rents based on consumer search costs where market structure is explicitly modeled and is critical to the size of the rents. Sharpe's model does provide some basis for forecasting market structure factors that will have predictable effects on the level of deposit rents. However, the analysis is static and does not account for deposit rigidity or asymmetry in response to market rate changes. Kahn, Pennacchi, and Sopranzetti (1999) offer an explanation of the temporal and quantitative discreteness in deposit rate adjustments that is based on depositors having limited memory, but do not explain the asymmetry in responses to market rate increases and decreases.
Ausubel (1992) offers one of the few choice-theoretic explanations for asymmetric adjustment. He suggests limited information on market investment alternatives and search costs that lead to the type of rigidity and asymmetry in deposit rate setting that are observed. However, the model also predicts a high probability of loosing deposits when deposit rates are low and spreads are narrow. This is contrary to existing evidence, and that presented below, on deposit flows. Dueker (2000) offers further explanations for asymmetric adjustment in the context of loan rates. In a different but related context, Whitesell (1992) The starting dates coincide with full de-regulation of NOW and MMDA rates respectively.
MMDA rates ceased to be reported in the monthly survey after Sept. 1991 when MMDAs were combined with savings accounts. 6 The survey data after 1994 is not used because the NOW balances reported in the surveys since then have become highly distorted by banks'
use of "sweeps" to avoid reserve requirements. 7 Banks not in the samples for the whole period or with missing deposit rates or balances were dropped. This left a sample of 160 banks. From this sample, 25 banks were eliminated for which deposit balances were highly erratic. There was no formal attempt to adjust the data for bank acquisitions and sales. As reported below, additional banks also were lost due to estimation difficulties. Table 1 reports the effects of bank deletions on sample means for deposit rates and means and medians for deposit balances.
Deposit Rate Model Estimates
For each bank, deposit rate adjustment and deposit balances demand equations were separately estimated. Potential simultaneous equation bias is considered in the next section.
In estimating each bank's deposit rate adjustment equations, the market rate is the month-end 3-month Treasury bill yield, the equation residual is assumed to be an i.i.d.
zero mean process (see footnote 4), and the parameters are estimated with nonlinear least squares using the RATS Gauss-Newton algorithm. For NOW and MMDA deposit rate equations, a total of 36 banks exhibited measurable sensitivity to initial starting values.
These banks were deleted from the sample with little effect on the mean deposit rate and only a modest effect on average deposit balances (see Table 1 ).
For the remaining 99 banks in the sample, a summary of the estimated parameters for the Of the 99 banks whose results are reported in Table 2 and 3, for NOW accounts, 25
banks had a negative adjustment coefficient for R e t − R t−1 > 0 and 4 banks for MMDAs. While small absolutely and not significant, a negative coefficient makes the deposit rate non-stationary (it declines without limit). These banks are eliminated from the simulations reported below in Figure 2 and in the subsequent deposit valuations. Elimination had little effect on the sample mean deposit rate and deposit balances (Table 1 ) and raised the mean and quantile values for the deposit rate coefficients only a small amount (e.g., the NOW median value for λ + i increased from .0021 to .0037). To illustrate the estimated deposit rate behavior, a single market rate path is simulated (see below for more detail on market rate simulations). Based on the simulated market rate path, the respective averages of the banks' NOW and MMDA predicted deposit rate paths using the individual bank estimated equations are plotted in Figure 2 . The initial values for the market and bank deposit rates are their respective expected values.
For NOW accounts, the deposit rate is quite sluggish for both models. Nonetheless, the asymmetric rate adjustment model shows a smaller upward adjustment when the marketto-deposit rate spread widens and a quicker adjustment downward when the spread gets narrow, a pattern more closely resembling the actual deposit rate process shown in Figure 1 .
For MMDA rates, the differences between the two models are small and there is considerably more market rate sensitivity than with NOW accounts.
Deposit Balances Demand Estimates
For estimating deposit balances equations, two measures of nominal income were constructed, monthly series interpolated from quarterly national income and from annual income reported for each bank's MSA (county income for banks without an MSA classification). The performance of the two measures in the regression equations was similar for most banks. Results reported here use the national income series.
Regression results using OLS are reported in Table 4 The interest rate elasticity a 2 in the deposit balances demand equation is subject to simultaneous equation bias if the deposit rate adjustment error e t is correlated with v t .
If the bank pays a lower (higher) rate when demand shocks are positive (negative), the coefficient a 2 would be biased toward zero. As a check for bias, the spreads between the market and deposit rates in the deposit demand equations for each bank were replaced by spreads that used a predicted deposit rate which would be uncorrelated with the demand equation residual, i.e., the simulated deposit rate for the sample period using the estimated deposit rate adjustment equation, actual market (t-bill) rates, and the bank's deposit rate at the start of the period. For both NOW and MMDA balances equations, the estimated interest rate (and other) coefficients and t-values using the simulated interest rate spread were very similar to the OLS estimates reported in Table 3 (not shown).
In Figure 3 , averages for NOW and MMDA simulated paths of the individual banks' log deposit demands are plotted. The plots are conditioned on the same market and deposit interest rate paths used in constructing Figure 2 above. Initial deposit balances are the sample period means for each bank and income is assumed to grow at 3 percent annually.
The simulated paths for NOW balances reflect an annual growth in excess of 6 percent annually. There is a slightly negative trend in simulated MMDA balances. 9 The periodic 9 Annual growths for sample average NOW and MMDA balances were 13 and 3 percent, respectively.
When a time trend was included in the regressions, the trend coefficients were positive for NOW balances with a mean t-stat of .79 and negative for MMDAs with a mean t-stat of -.28. The only other material change was that the average income coefficients were now both positive but with very low t-values.
fluctuations in balances that appear in the plots, which are larger for MMDAs, reflect the effects of changing market-to-deposit rate spreads on the deposit balances.
Valuation Model and Implementation
Valuation Framework
The deposit value estimated here is the expected discounted value of future deposit account payments for the type of account being valued (e.g., the bank's NOW accounts) over an indefinite horizon. An indefinite horizon is used since there is no natural limit to the life of a deposit franchise. The deposit account payments include interest paid, pecuniary non-interest costs, the implicit costs of any reserve requirements, and deposit withdrawals.
Deposits are treated as default-free. This valuation will be consistent with the value to the bank's current non-deposit claimants assuming that (i) the deposit value is preserved (future deposit rents fully captured) in the event of a deposit franchise sale, and (ii) deposits have no special advantage over market borrowing in financing bank assets other than the rents earned from paying below market rates (see Berlin and Mester (1999) ).
A schema of the deposit payments flows is the following Deposit Account Payments
, and ∆D t are the lagged deposit rate, deposit balances and current change in deposit balances, respectively. C t−1 is non-interest costs net of service fees. f is the required reserve ratio and required reserves are proportional to current deposit balances.
To determine the present value of these payment flows, define β t ≡ e t 0 rτ dτ as the value at t of $1 invested at time 0 in a money market account that continuously pays the (instantaneous) risk-free rate. Also, let y t ≡ βt β t−1 − 1 be the realized 1-period return to the money market account. The value of the bank's deposit obligations at time 0 is:
The first line in (4) is the deposit liability value in terms of the periodic net deposit payments. The second line is the current balances liability net of the present value of deposit rents and is obtained through algebraic manipulation of the first line. In (4),
is assumed to vanish so that only rents need be valued. E Q denotes the expected value under a risk-neutral measure and β t is the compounded return to a risk-free money market investment. As described below, the expected value under the risk-neutral measure impounds a discount for the deposit rents' systematic risk.
Model Implementation
The deposit value in (4) is estimated for each bank's NOW and MMDA liabilities. The market rate, r t , is assumed to adjust continuously, while any deposit rate and balances adjustments and deposit payments occur at a monthly frequency, coinciding with the frequency of the historical observations. These adjustments are estimated using the individual banks' estimated deposit rate and balances equations (1) and (2) that were summarized in Tables 2 and 3 .
In addition, non-interest costs, C t , are recognized but assumed to be constant per-dollar of deposit balances. These costs are estimated using average net non-interest costs for NOW accounts and MMDAs in annual functional cost reports for aggregate banks by deposit size over the sample period. 10 Annualized costs per dollar of deposits are .0120, .0131, and .0148
for small, medium and large size NOW accounts, respectively; and .0075, .0083, and .0088
for MMDAs. The costs are applied to a bank's deposit category in accord with the account type and average balances. For NOW accounts, the monthly reserve requirement ratio (f )
is set equal to each individual bank's average required ratio for the sample estimation period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) . Over the sample period, individual bank required reserve ratios displayed little temporal variation.
To describe the valuation method, consider the current value of the rent paid at time t.
where
is the realized deposit rent. The expectation in equation (5) is under a risk-neutral measure, Q, for which the expected rate of return on v 0t equals the risk-free rate. Thus, E Q 0 embeds the risk premium that would be present in the expected return under the actual process. Determining the proper change of measure for deposit rent valuation is simplified by assuming that deposit rents (deposit rates, balances, and the market rate) depend on a single systematic risk factor, the market rate. 11 However,a model for the market rate process is needed.
Here, the Cox, Ingersoll, Ross (CIR) 1-factor interest rate model is used. The CIR stochastic market rate process, dr τ = κ(θ − r τ ) + σ √ r τ dz τ , has the form
under the risk-neutral measure. φ is a market risk parameter and dẑ τ is a standard normal process under the change of measure (see Duffie (1996) , chp. 10).
Beside the market rate, the only other exogenous variable is income. With the market rate representing a single risk factor, income uncertainty would affect deposit values (through variable deposit balances) if the income changes were correlated with the market rate. Here, we simply posit a deterministic growth in income of 3 percent annually, and ignore possible systematic income risk on deposit valuation. 12 To obtain the risk neutral valuation for deposit rents, replace the underlying state variables with their risk-adjusted counterparts and determine the expected discounted value 11 This also is the case for Hutchison and Pennacchi (1996) and Jarrow and van Deventer (1998) 12 Although not attempted here, Pennacchi (1999) suggests a possible procedure for recognizing systematic income (in his study, wage) risk for valuation. He would determine a market security portfolio whose return risk replicated that of income shocks. Using an assumed pricing model (e.g., the CIR model), determine the risk premium in the expected return on the risk-replicating portfolio and use this premium to adjust the drift in income.
of rents expressed as functions of the transformed state variables. 13 Here, the market rate is the underlying state variable and variables dependent on the market rate (i.e., y t , r t−1 , R t−1 , and β t ) are re-expressed in terms of the drift-adjusted market rate. The expected value of the discounted rent is equal to its present value, i.e.,
where "hats" denote transformed variables. Asymmetric deposit rate adjustment makes it necessary to use numerical methods to determine the expected discounted rents.
1000 paths of the drift-adjusted market rate over a 30 year horizon are simulated with the initial rate at its unconditional expectation (under the actual process). 14 The parameters for the market rate process in (6) (κθ, κ+φ, and σ) are taken from estimates by Chen and Scott (1993 Exhibit 1 p. 20) over a 1960-87 estimation period. 15 Paths for bank-specific deposit rate adjustment error terms are also simulated and income is compounded at 3 percent annually. 16 At a monthly frequency, paths of discounted deposit rents for each bank are calculated from the drift-adjusted market rate, deposit rate shock, and income paths. The paths are conditioned on an initial deposit rate equal to its unconditional expected rate, initial deposit balances equal to the bank's sample mean deposits, and initial income at the sample mean. The mean of the simulated discounted rents at month t is the estimate of v 0t in equation (7). Subtracting the sum of monthly deposit rent values from initial deposit balances gives the estimated value of the deposit liability. 13 The expected return to the claim on deposit rents when expressed in terms of the transformed state variables is equal to the risk-free rate which is the basis for determining the claim's value subject to an absence of arbitrage. For details, see Duffie (1996, chp. 5.H) and Fisher and Gilles (1996) . 14 A finely discretized version of the market rate process was simulated at 10 nodes per month or 3,600 nodes per path (see Duffie (1996) pp. 247-248 for discretization). A small number of negative market rates, due discreteness, were replaced with 0. 15 The parameter estimates are κ = .4697, θ = .06182, σ = .08248, φ = −.04544. 16 The valuations depend on the deposit rate adjustment errors in equation (1) only under asymmetric adjustment. Error paths were constructed for each bank by simulating 1000 paths for an iid standard normal deviate and multiplying each path by the individual bank's estimated residual standard error. The average residual standard error based on monthly changes of annualized deposit rates was only about 12 basis points.
Deposit Premiums
Following convention, deposit premiums per-dollar of initial deposit balances,
are presented rather than deposit values. NOW account and MMDA premiums are estimated for each of the 74 and 95 banks whose (asymmetric) deposit rate equations could be simulated (see Table 1 and discussion in section 2.2).
First consider deposit premiums when deposit balances are fixed. Summary statistics for NOW and MMDA premiums and their components are presented in Table 5 .a. Under asymmetric deposit rate adjustment, the median NOW premium is 21 percent of initial deposit balances, with 10% and 90% quantiles of 8 and 37 percent. Non-interest costs (VNIC) and reserve requirements (VRR) reduce the premiums by about 50 percent. Under symmetric deposit rate adjustment, the median premium is about 15 percent. The range of premiums also is smaller than under asymmetric deposit rate adjustment.
MMDA premiums are similar under the asymmetric and symmetric deposit rate adjustment models, even on a bank-by-bank basis, with median premiums of about 12 percent.
The quantile values of the premiums are also similar. This similarity for MMDA premiums under the two adjustment models is consistent with the similarity in the MMDA deposit rate simulations reported in Figure 2 .
In Table 5 .b, median premiums are presented for when deposit balances are variable (with rents earned on any deposit growth). The first row repeats the median premiums under fixed deposit balances. The second row (variable deposits (a)) reports median premiums where deposit balances reflect both projected growth and interest rate sensitivity.
The very large NOW premiums reflect a high level of projected growth in NOW balances (median growth exceeded 6 percent per year). The substantial deposit growth, common to most banks, also greatly increased the cross-section dispersion of deposit premiums (not shown). MMDA premiums are lower under variable than under fixed deposits. As described next, the major reason is the effects of deposit balances interest rate sensitivity.
The third row (variable deposits (b)) reports median premiums with the estimated coefficient for the interest rate opportunity cost in the deposit balances equations set to zero. The difference between the premiums in rows 3 and 2 is a measure of the effects of the deposit balances interest rate sensitivity on the deposit premiums. For MMDAs, this interest rate sensitivity accounts for most of the decline between premium estimates in going from fixed to variable deposits premiums. A small decline in projected deposit balances accounts for the rest. For NOW accounts, the absolute effects of the deposit balances interest rate sensitivity are larger due to deposit growth (the deposit balances interest rate elasticity is proportional to the level of deposit balances).
The effects of the rent horizon on the estimated deposit premiums can be assessed with the help of 
Interest Rate Risk
Interest Rate Elasticity and Deposit Rent Dynamics
Two measures of deposit value interest rate risk are use here: the deposit value's interest rate elasticity and duration. The former is the percentage change in the deposit value due to a given market rate shock. The latter is defined as the maturity of a zero-coupon bond with the same interest rate elasticity as the deposit value (see Cox, Ingersoll, and Ross (1979)).
Market and deposit rates following a market rate shock are assumed to adjust based on the dynamic adjustment processes specified earlier and used to the estimate deposit premiums reported above. 17 Because the deposit value equals initial deposits minus the value of deposit rents, the deposit value change is the negative of the change in the value of deposit rents. To illuminate important features of the deposit value's interest rate sensitivity, fix deposits at $1 and let
rτ dτ and π t the deposit rent at time t (e.g., as defined in equation (4) (line 2)). Treating π t and β t as continuous functions of the initial market rate r 0 , the deposit value change for a small initial rate shock is
(see Appendix A.1).
The term dτ captures the discounting component's sensitivity to a market rate shock. Assuming the expected value of the ratio
is approximated by 17 Thus, the interest rate elasticity and duration measures are not based on permanent market rate shocks and parallel shifts the yield curve; and the duration is not the same as Macaulay duration. For more detail, see CIR (1979) and Munk (1999) . Hutchison and Pennacchi (1996) also use the CIR concept of duration.
the ratio of expected values, the sensitivity of the market discount factor has the same sign as the market rate shock, which is positive since E[
dτ ] > 0. A positive market rate shock increases the discount factor which then increases the value of the deposit liability.
Without a model of both the market and deposit rate adjustments, the response of the rent to a market rate shock ] is positive for 0 < t < t * , negative t > t * , and approaches zero as t → ∞. Hutchison and Pennacchi (1996) noted that the interest rate sensitivity of expected future deposit rents and the market discount function have opposing effects (p. 411). However, they did not consider that the deposit rent interest rate sensitivity (in their model, as well as ours) changes sign at longer horizons.
Interest Rate Risk Estimates
For the baseline deposit values, market and deposit rates are initially at their long-term means and thus are consistent with the estimated premiums reported in the last section.
Deposit value changes are estimated by resetting the initial market rate at levels ranging from +300 to -300 basis points from the initial rate at 50 basis point increments and recalculating the deposit values.
Interest rate elasticities for NOW accounts under fixed deposit balances are presented in Tables 6.a Table 7 .c, they are all positive but fairly short, mostly 6 months or less. There is some duration asymmetry under the asymmetric deposit rate adjustment model. Under symmetric deposit rate adjustment, the median durations are shorter than under asymmetric adjustment.
To understand the effects of deposit rent dynamics on the interest rate risk estimates, the top panel in Figure 7 The CIR market rate model has a stationary unconditional mean (6.18 percent here) and rate shocks are transient. However, to illustrate potential effects of a permanent rate shock, consider an increase in both the initial and the mean market rate of 200 basis points. The top panel in Figure 9 plots the expected discounted monthly NOW rents for the median bank (the bank plotted Figure 7 ) before the shock (solid line) and after the shock (dotted line).
The permanent shock increases expected discounted rents over a much longer horizon and there is no long-term rent undershoot. There is still some reversal in expected discounted rent changes due to the relative increase in the discount factor at long horizons.
Regarding interest rate risk estimates from previous studies, Hutchison and Pennacchi (1996) reported a median duration for NOW accounts of 6.7 years and about 4 months for MMDAs, using the same duration measure used here but with an analytical valuation model and different (but mean-reverting) market rate model. Janosi, Jarrow, and Zullo (1998) estimated a duration for NOW accounts of about 5 years, but based on a parallel shift in the forward rate curve (i.e., no mean reversion) and an analytical model.
Hedging Deposit Interest Rate Risk
Interest rate risk for deposit values will be hedged if the bank's assets have the same durations as that for the deposit liabilities for a given interest rate shock. For NOW accounts and MMDAs, the durations estimated here are fairly small.
Short-term assets that hedge changes in deposit values due to interest rate shocks, however, will not hedge cash flow uncertainty associated with deposit liabilities. Assuming for simplicity that deposit balances are fixed, to hedge cash flow uncertainty a fund whose payoffs replicate the (market rate sensitive component of) deposit rates is needed. Accounting for asymmetric deposit rate adjustment, such a portfolio would require a set of interest rate call and put options so complex as to be unrealistic (see Appendix A.3).
Under symmetric adjustment, the market-rate sensitive component of a future deposit rate depends on the path of market rates up to that time. In Appendix A.3, the structure of forward interest rate positions that would hedge a sequence of future deposit rates, e.g., rates paid at times t = 2, ..., T , are specified under the symmetric deposit rate adjustment model. These hedges would be consistent with floating rate assets but with (deterministic) time-varying positions in the floating rates. The position sizes are determined by the lag structure in the adjustment of the deposit rate to past market rates. In addition, the pathdependency implies that market-rate payments at each point in time would not match (the market rate sensitive component of) deposit rates paid at that time, with discrepancies producing a transient payments surplus/deficit.
The cash flow hedges as just described would not cover idiosyncratic changes in the deposit rates. Also, the hedges are only for a fixed level of deposits. Further, the structure of the hedges for the market rate sensitive component is correct only if the estimated deposit rate adjustment model is correct. That is, there is also model uncertainty.
Conclusions
The interest rate contingent claims model, with parsimonious autoregressions used for predicting future deposit rates and balances, provides a tractable framework for valuing transactions deposits. While the framework is tractable, its reliability will depend on the deposit rent process generated by the autoregressive modeling. The rent process and its implications for valuation and interest rate risk were studied here. Analysis and results were provided on a number of issues. These include the importance of asymmetry in deposit rate adjustment for estimated deposit values and interest rate risk, the length of the rent horizon for which forecasted deposit rents are important to the estimated deposit values, and the effects of deposit rate and market rate autoregressive dynamics on deposit rent dynamics and deposit interest rate risk.
With limited market price information on deposit accounts, evaluating the rent processes generated by assumed deposit rate and balances dynamics becomes particularly important.
Were market prices available, the accuracy of model valuations could be directly tested or model parameters calibrated to the observed prices. While "core deposit premiums"
are reported on bank and branch sales, it is not apparent that these premiums are closely related to the market value of the deposit liabilities per se.
Reported premiums represent the sale prices of target firms in excess of their tangible equity as a fraction of core deposits (deposits excluding large time deposits). As such, they would include the net value of any assets in excess of book value, the value of other (non-deposit) "intangibles," and the effects on premiums of non-competitive elements in the market for bank or branch acquisitions (see James and Weir (1987) , and Berkovec, Mingo, and Zhang (1997)). Recent premiums on reported acquisitions would seem to reflect more than deposit rents due to paying below market interest rates. From 1990 to 1998, a period of declining market rates, core deposit premiums reported on private (non-failed) bank and branch sales rose substantially, as indicated in reports by SNL Securities (see Figure 10 ).
Further, even if reported premiums are interpreted as deposit rent premiums, for valuation purposes it is still necessary to determine the breakdown for the different deposit categories, that include small time accounts as well as transactions deposits and savings accounts (see Berkovec and Liang (1991) ).
Limited market price information may warrant more attention to modeling market structure factors and their the consequences for deposit values. In this context, there was substantial variation in the estimated NOW and MMDA premiums across banks. Further study of this cross-sectional variation may yield information on the importance of market structure factors to the estimated premiums.
Appendix
A.1 Deposit Value Interest Rate Sensitivity
The interest rate sensitivity of the value of the deposit liability expressed in equation (8) is determined as follows:
A.2 Expected Deposit Rate and Rent Dynamics
The expected deposit rate and profit are derived assuming a risk-free market rate that satisfies the 1-factor Vasicek or CIR stochastic processes. The Vasicek and CIR models, under either the actual or risk-neutral processes, have the general forms
where z t is a Wiener process.
While the functional form is the same, the derivations of the two equations, and their respective derivations under the actual and risk neutral processes, are different. Further, under the risk neutral process, r t and z t should be interpreted as values under that process.
For purposes here, these differences are immaterial. Given an initial rate, r 0 , for either model and under the actual or risk-neutral processes, the expected future market rate has the form
The continuous time process for the deposit rate, R t , is given by
where w t is a Wiener process. To determine a solution, apply the integrating factor e ηt to equation (A-4) to get
Integrating both sides of (A-5) and using (A-6) gives
where R 0 , the initial deposit rate, is the constant of integration.
To find the expectation of R t when η = γ, take the expectation of (A-7):
Now consider the bank's expected deposit rent at time t, given r 0 and R 0 and setting deposits equal to $1. The rent is assumed to have the linear form: π t = Br t − C − R t . The deposit rent is also assumed to be non-negative when the deposit rate is at its equilibrium br t − g (see (A.4) ). Specifically, let B ≥ b > 0. The expected rent at time t, given r 0 and R 0 , is obtained using (A-3), (A-8) and (A-9).
, we get
This derivative will have a value of zero for t = t * , where
First note that at t = 0,
= B > 0 in both (A-10) and (A-11 < 0 but asymptotically approaches 0. 18 In sum, a shock to the market rate produces an expected rent change in the same direction for t < t * and in the opposite direction for t > t * .
18 To see this, evaluate the derivative at t * + ∆ for ∆ < 0 and ∆ > 0.
A.3 Hedging Cash Flow Risk
The deposit rate adjustment equation expressed in equation (1) is
Rewrite,
. With repeated substitution, a "plus" refers to market rate increase and "minus" to decrease.
